The Raigón aquifer is an important groundwater system in southern Uruguay. The increasing use of groundwater resources in the last decades has provoked changes in the concentration of many elements which are strongly related to anthropogenic pollution sources. Concentration levels are useful to detect changes in reservoir status but it is also necessary to analyze their chemical significance in order to make an accurate assessment of the sources of contamination and the causes of changes. In this work we use the available thermodynamic data to calculate chemical speciation on these groundwater samples. Trace elements present as anions, in particular Se and Mo, are especially focused to show the chemical modeling possibilities. Both elements form anionic species, predominantly MoO 4 2and SeO 4 2-
Introduction
The Raigón aquifer system is one of the most important groundwater systems in southern Uruguay, constituting a site of environmental interest. It extends over 2,200 km 2 in the Mesozoic Santa Lucía basin (Figure 1 ). The Raigón formation [1] shows stratified yellowish coarse ortoconglomerates, polimict gravel and calcareous cement. White yellowish coarse to fine sands, wackes and green lenticular mud are interbeded. Channel filled, sand barriers and even tabular flood-plain and front deltaic deposits are the most common facies observed in this area. The Pliocene stratigraphic sequence reaches 40 to 50 meters thickness [2, 3] . Adjacent wetlands contribute to the slow recharge of this aquifer system which shows unconfined, semiconfined and confined behavior as well as multilayer type characteristics; chemical analysis shows that the Raigón aquifer groundwater can be classified as sodium bicarbonate type [2] . In Uruguay, domestic (in urban areas) and agricultural demands are nowadays mainly satisfied by surface water. However, the use of groundwater resources has experienced a fast increase since the 1950s. This is mostly due to growth of dairy farm activities, supported by water wells [2] . Being an important groundwater reservoir, the Raigón aquifer water quality is monitored through different analytical parameters.
The analytical measurement of the concentration of the elements in natural water systems is the primary tool used to monitor the water environmental status. This allows checking that concentration levels do not exceed the maximum recommended thresholds.
As a consequence of the processes of aging caused by different natural chemicals (e.g. dioxygen, carbon dioxide, water) the abundance, dispersion and chemical forms of the various elements in these groundwater reservoirs change over time [4] . The concentration of each element in the aquatic system is a result of a mass balance between its input and output from the system. A very slow accumulation of elements in groundwater is expected and the presence of the biosphere enhances these changes [5] , [6] . Furthermore, human activities on the ecosystem also affect the element status. Compared with natural processes, anthropogenic sources of elements usually produce faster changes in their baseline concentration levels.
Water quality sampling carried out in numerous locations in Latin America clearly shows also these changes [7] . A previous study has shown that in the main aquifers of south-western Uruguay, the occurrence and levels of some trace elements exceed the maximum values according to Uruguayan regulations and WHO recommendations showing both lateral and vertical variations in their concentrations [2] . Changes in the concentration of elements strongly related to anthropogenic pollution sources have been confirmed in the Raigón aquifer system in the last decade. For example, phosphorous concentrations in almost every sample exceed 25 µg/L, the maximum threshold recommended by the regulations for water uses [2, 8] . The aquifer system is also susceptible to contamination, mainly by nitrate and pesticides, such as atrazine, due to increasing agricultural activities in the area [9] .
In natural waters, chemical elements are found in a wide range of concentration. Trace elements are arbitrarily defined as those with low natural abundance (of the order of 1 mg/L or less) in different environmental matrices [10, 11] . In the last fifty years, the income of trace elements into the environment increased, mainly as a consequence of growing human activities. Due to their low abundance, even small changes in the input or output of elements may produce a significant impact on the concentration levels of these elements. The exploitation of raw materials mobilizes elements present as ores as well as impurities in the processed minerals, which are transformed into point sources of pollution. Besides, the small inputs of trace elements that are routinely used in agricultural activities can also affect the natural concentration levels by means of irrigation, fertilizers, soil and water amendments, animal manures, sewage effluents and sludge, and pesticides. Supplementation to correct deficiencies in the intake of essential elements for cattle (copper, selenium, molybdenum, zinc, iron, etc.) is also a diffuse source of income to aquatic environments and its impact on human health, agriculture and the environment has received increasing attention from scientists from different areas [12, 13, 14] .
Chemical speciation of the elements in natural waters plays a fundamental role in their biogeochemical cycles.
Transportation across the hydrological cycle is strongly influenced by their chemical behavior in aqueous solution, defining the mobility and solubility of their thermodynamically stable ionic species, and consequently their environmental fate. Mobile forms of elements in water, mostly determined by the charge of the predominant species, include various soluble forms and are subject to numerous competing reactions.
When studying major conservative elements behavior, it is not necessary in most cases to consider chemical speciation. Each element has the same predominant species in almost any natural aquatic scenario, and concentration data, charge and mass balances are the only required tools to perform analysis. This is not generally true for trace elements. The total concentration values and eventual accumulation of trace elements in groundwater are influenced by a number of factors, mostly controlled by their speciation and reactivity, which determine mobility and transport processes. In addition, many trace elements show more than one possible oxidation state. This feature and the oxygen concentration might also influence the chemical forms and in turn the environmental fate of the elements. So, analytical measurements of the total concentration data of elements might not be enough to understand their chemical behavior in aquatic systems in order to design adequate strategies for quality preservation or remediation actions. The knowledge of the predominant chemical species of each trace element helps to analyze the mobilization of pollutants and the design of degradation or immobilization procedures. Chemical modeling is a very useful tool to address these issues when speciation needs to be considered. This strategy has proved to be an appropriate approach to understand the trace element behavior in many natural environments [15] [16] [17] [18] [19] [20] .
From chemical modeling viewpoint, relevant thermodynamic data must be available in order to predict the predominant species for a given sample, once analytical total concentrations are known. Many chemical reactions involved in the trace elements behavior have been studied and the equilibrium constants have been determined. Within the group of trace elements, the knowledge of those predominant as cations in the natural waters (such as iron, copper, manganese, etc.) is relatively greater in comparison with elements forming anionic species (e.g., selenium, molybdenum and tungsten) [21, 22] . Some years ago, our group has started to study the interactions of elements forming anionic species under the conditions of the natural waters [23, 24, 25] . These data are the basis for the chemical model needed to assess the current status and the pollution trends in natural waters. In this work we show the use of chemical modeling applying these recent data to study the groundwater samples of the Raigón aquifer system in southern Uruguay.
Moreover, speciation of some elements in hypothetical scenarios is considered to study possible localized changes of certain physicochemical parameters. The strategy employed in this work can also be extended to the study of many other environmental water scenarios.
Experimental
Chemical composition data of thirty two water wells of the Raigón aquifer system were employed (data partially reported in [8] ). In the collected samples, all elements with concentrations above their detection limits were included to perform calculations. The pH, electrical conductivity and temperature values, determined in the field were taken from [8] . Samples were not filtered before performing chemical analyses. Concentration measurements were carried out by inductively coupled plasma-optical emission spectrometry (ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS) [8] . Reported stability constants were employed to generate the chemical model using Visual MINTEQ software [26] . This software contains data compiled from the NIST Critical Stability constants database. The thermodynamic database included in this program was complemented with recently reported data under low ionic strength, measured at 20.0°C [23, 24, 25] . Besides, two physicochemical parameters were also included as input data: pH and temperature. The pE value, calculated for oxygen saturation conditions at neutral pH was also generally used. Visual MINTEQ software describes the chemical system taking into account all known chemical species simultaneously. It calculates all the equilibrium concentrations of the chemical species, based on the stability constants included in its database by means of mass balances of the analytical concentrations of all the components provided. More than 300 species are individually considered in each calculation. For some samples, redox calculations were carried out and pE value was varied according to the depth of the sample. After mass balance calculations, every chemical species concentration is obtained as output. Speciation diagrams were produced by Hyperquad Speciation and Simulation (HySS) software [27] . HySS software is a system for providing speciation diagrams. The calculations relate to equilibria in solution and also include the possibility of formation of partially soluble precipitates.
Results
Table S1 includes all chemical data and physicochemical parameters for the 32 samples of the Raigón aquifer system used for calculation (locations shown in Figure 1 ). pH values vary from 6.35 to 7.48 (median value 7.11), temperature values are in the range 17.2 to 26.7 (median value 20.8 °C), and depth is between 4 and 45 m (median value 22 m). Taking data on Table S1 as input, Visual MINTEQ program was employed to calculate the equilibrium concentration of every chemical species formed.
The median concentration values of Na, Ca, Cl, C and S for the whole set of samples are in the range 5-100 mg/L. Minor and trace elements detected include those found as cations such as most alkali, alkaline-earth and 3d transition metal ions, Zn, Cd and Pb, and some others currently encountered as anions: halides, B, P, V, Mo, As, Se and Sb. Some selected examples from Table S1 are shown in Table 1 . Sample 4 represents a typical sample: total concentration values, especially for the most abundant elements, are very similar to median values of all samples. Cationic elements such as Ti, Zr or U are expected to form insoluble oxide/hydroxide forms under the oxidic conditions of these samples (median depth 22 m). These compounds usually form colloidal dispersions and consequently they are excluded from the water environment. Since the samples were not filtered before the analytical determination of metal ions, total concentrations of elements bearing relatively high concentrations like iron (up to 0.4 mg/L) or aluminum (up to 0.1 mg/L) might also include a significant proportion of suspended solid oxide/hydroxide forms.
From data on Table S1 , Visual MINTEQ program was employed to calculate the equilibrium concentration of every chemical species formed. Table S2 shows the results obtained for all speciation calculation, whereas Table 2 summarizes the most relevant data, indicating the predominant species of selected elements calculated for the equilibrium situation of all 32 samples using Visual MINTEQ software [26] complemented with recent data on trace elements [23, 24, 25] . Results show that major element concentrations are extremely important to define the chemical scenario.
Speciation of the Most Abundant Elements
According to the well-known chemical interactions at the pH interval found in these groundwater samples, (6.35-7.48), results summarized in Table 2 show that the predominant forms for the most abundant elements are the free cations Na + , K + , Mg 2+ , Ca 2+ , and the anions Cl -, SO 4
2-
and HCO 3 - [4, 21, 22] . In the case of S-and C-based anions, the speciation depends both on pH and pE of the samples [4] . Nevertheless, for oxygen saturated conditions around neutral pH, sulfate and bicarbonate are always the most abundant species. As expected, alkali ions and halides remain as the +1 or -1 species in all studied samples ( Table 2) . Their speciation is also independent of other parameters as pH, depth, water hardness, etc. Very similar values are obtained for the 32 studied samples (standard deviation calculated for alkali cations and halides percentages are lower than 0.3). Results show that -1 anions do not have a great influence on cation speciation ( Table 2 ). In fact, almost all these associations are negligible in the presence of more charged anions [21, 22] . Conversely, the interaction of +1 cations with various anions is in general also negligible [21, 22] , except for highly charged anions which are not present in these groundwater scenarios. So, major elements existing as +1 or -1 ionic species are not relevant in the whole interaction. Only for sea water, where the concentration of halides is extremely high, associations of some metal ions with chloride or bromide become relevant [4, 21, 22] .
Alkaline-earth metal ions are also present mostly as free cations. They also associate to sulfate or bicarbonate (in a lower extent). Even when they interact with charged anions, their main species is still the free cation, generally representing ca. 90 % of total concentration. For sample 111 (Table 1) with the highest sulfate concentration, 77 % of calcium and 80 % of magnesium are still free cations. In turn, the predominance of the aqua ions of these abundant elements can markedly influence the speciation of the other elements. Anionic elements form calcium and magnesium bearing species in significant proportions. Taking all samples into account, 6.2-22 % of Mo is present as ionic pairs with Ca or Mg. Also for the more abundant S, 4.1-16 % of the element is present as ionic pairs with Ca or Mg. Phosphorous speciation also depends on pH and the formation of ionic pairs with Ca or Mg ( Table 2 ). Alkaline-earth cations provide also a good example on the influence of the concentration in speciation. Sr and Ba have a very similar chemical behavior to Ca or Mg, but they are far less abundant. So, they will have a less marked influence on the speciation of the present anions. All alkaline-earth cations associate in solution to form sulfate ionic pairs with similar low formation constants (for example, log K (CaSO 4 ) = 2.35 [28] ; log K (BaSO 4 ) = 2.49 [29] ). For equimolar concentrations of both cations, similar percentages of the ionic pairs are expected to be formed with sulfate anion. But in the concentration range observed in the natural waters, the most abundant calcium retains a higher percentage of sulfate anion, whereas barium ionic pair is not relevant in sulfur speciation. Notwithstanding, the free Ca percentage is still high, even higher than that for Ba. This is shown in Figure 2 where calcium, barium and sulfate concentrations of sample 111 were used. Figure 2 . Speciation calculation results for calcium, barium and sulfate concentrations of sample 111. HySS software [27] and previously reported data [21] were used Interestingly, for this and many other samples, precipitation of barium sulfate is expected if we consider total barium and sulfate concentrations. Despite the presence of other cations as calcium, magnesium and strontium interacting with sulfate are probably retaining the anion in solution. This fact, observed also in many samples for basic calcium phosphate (hydroxyapatite), can affect the mobility of the elements in the hydrogeological cycle.
Speciation of Trace Elements
The chemical behavior of trace elements forming cations is clearly different to those forming anions [21, 22] . The analysis of reactivity and mobility of trace elements indicates that cationic trace elements tend to be strongly retained by the earth's crust owing to ion exchange, sorption and mineral precipitation. They do not accumulate in groundwater to very high concentration levels. In contrast, anionic trace elements (mainly oxyanions), although retained by earth materials (clays and sesquioxides) to some extent, are subject to greater mobility. They may have high localized concentrations in groundwater [30] , mostly caused by human activities. In addition, both cations and anions may associate in solution with other inorganic or organic species, attaining greater mobility by forming soluble compounds. Temperature, pH, and redox state are also important to determine this behavior.
Metal cations of d and p blocks appear partially as soluble ionic pairs with sulfate, bicarbonate or even carbonate (see Table 2 ). For higher pH values, the deprotonation of bicarbonate gives carbonate which is more charged and consequently interacts more strongly with cations. The proportion of ionic pairs formed with carbonate is higher for copper and lead, i.e. those cations with higher affinity for that anion. For example, at 25 °C, log K 1 for the formation of [MCO 3 ] are 4.44 (Ca), 4.83 (Ni), 4.75 (Zn), 6.75 (Cu) and 6.45 (Pb) [21] . Figure 3 shows the predominance of copper species including copper carbonate ionic pairs as a function of pH for all studied samples. Bicarbonate ionic pair is not a predominant species even though bicarbonate in the absence of metal ions is expected to deprotonate giving place to carbonate above pH 9. We will discuss the speciation of the trace elements forming anions taking two different examples of essential elements for which we have measured all necessary stability constants of the interaction with metal cations: molybdenum and selenium. Molybdenum is a metal and selenium is a non-metal. Both of them form anionic species in their high oxidation states present in most natural waters. They are naturally occurring trace elements, essential to life but toxic at high concentrations. Their relevance to the environment has been only recently recognized [2, 7] . The predominant anionic species are markedly affected by the presence of +2 major cations. Molybdenum in the aquatic environment forms oxo/hydroxo species in oxidation state +6 including polyanions [4, 21, 22, 31] . The predominant species at pH 5-6 or above is the molybdate anion, MoO . It remains deprotonated in the pH range of natural waters and its interaction with metal cations is weaker than that observed for Mo [21, 22, 23, 24] .
Taking into account the measured data of the Raigón aquifer system and all the measured interactions for molybdate, sulfate and bicarbonate/carbonate with all present cations, the predominant species can be calculated. Figure 4 shows some selected results for samples 4 and 111 (Table 1) . It can be seen that water hardness, related to calcium and magnesium concentrations, is a very relevant parameter in determining the formed species. The influence of alkaline-earth metal ions is clear. It can be highlighted by calculating the speciation under the same conditions of sample 4 but changing the water hardness 10 times (Figure 4) If we compare these results with those obtained by Visual MINTEQ 3.1 [26] , but using only the stability constants included in the original database, similar general results are obtained. In the case of Mo, the predominant form is still the molybdate anion and associations with alkaline-earth metal ions are also operative. The relative portions associated with Ca or Mg are slightly different. This is due to the fact that Visual MINTEQ database uses for [ MgMoO 4 ] and [CaMoO 4 ], the formation constants reported by [32] . In this report, molybdate association with Mg is 10 times stronger compared to the analogous interaction with Ca. However, our previous data show that both alkaline earth metal ions behave similarly towards the anion [25] , in line with previous reports on alkalineearth interactions with anions. The formation (even in low percentages) of other ionic pairs [MMoO 4 ] for some 3d metal ions is not observed when new thermodynamic data are included. The difference originates in the fact that these species are not included in the Visual MINTEQ database. The pH is also a relevant parameter for molybdenum speciation. Speciation calculation yields very similar results in the pH range 6-8. The situation changes for lower pH values. This could be the situation for example if the acid employed for metal mines exploitation in the area is incorporated into water reservoir causing localized imbalances of mineral acidity. At pH 4, molybdate anion is partially protonated and not associated with cations, changing the speciation. The less charged HMoO 4 interacts with metal cations to a lesser extent as shown in Figure 5 for sample 4. These results are relevant to consider molybdenum environmental chemistry: the element is highly mobile in alkaline soils and subjected to leaching from rainfall and irrigation. Plant uptake of Mo is greater in alkaline than acid soils. In general, an increase of pH increases Mo solubility [33].
pE Influence
Speciation of some trace elements can be also influenced significantly by redox potential. To exemplify this, we can again focus on Mo and Se. In the case of Mo, the high stability of +6 oxidation state (E° MoO [27] using sample 4 concentrations and previously reported data [21, 23, 24, 25] The presence of cations certainly will further modify the chemistry of these species. We can compare the results of samples taken at different oxygen concentrations, to study selenium speciation. Regarding sample 125 (Table 1) , an oxygen saturated environment is applicable (6 m depth). Due to oxic conditions, most elements are in their highest oxidation state. Some selected results for this sample are shown in Table 3 . If we consider sample 57 (Table 1) , of 45 m depth, with a much lower pE, the present species are different ( Table 3 ) only for some elements. As previously discussed, the situation of the most abundant ions does not change. Slight differences between these two samples arise from the variation in pH and sulfate concentration, both values higher for sample 57 (Table 1) . Speciation markedly changes only for some elements like iron or selenium, which have accessible lower oxidation states for low pE values. In the case of selenium, pE values (related to depth of the groundwater well) is also a major parameter that determines the predominant form. Selenate ion, SeO 4 2-, gives place to HSeO 3 -, which is highly associated with alkaline-earth metal ions. This result is of the utmost importance when considering the mobility, availability and fate of Se. Soils have a stronger trend to sorb selenite as compared to selenate, being strongly bound to Fe2O3−like solids. On the contrary, the leaching of Se in soils is more likely to be enhanced under oxic alkaline conditions where the predominant form is selenate [32] .
Conclusions
Thermodynamic information in combination with experimental analytical data on concentration levels of chemical elements and some physicochemical parameters proved to be useful to get a deeper understanding of aquatic systems. This was accomplished by generation of a complete chemical model that allows studying the aquatic system using concentration of chemical species of elements instead of total concentration data.
Taking experimental data from the Raigón aquifer, chemical modeling using Visual MINTEQ program, shows that most abundant elements maintain the same predominant species in almost all physicochemical conditions. For trace elements speciation is quite dependant on localized changes in the aquatic scenarios and also on the concentration values of major elements. This tool is very useful to study the speciation of specific trace elements, and to simulate their chemical behavior in cases of environment changes.
The chemical model generated was applied to Mo and Se trace elements. Both form anionic species, predominantly MoO 4 2and SeO 4 2-
. These anions interact in solution and are greatly influenced by the concentration of the abundant calcium ion. Localized changes in pH can strongly affect the situation. The same is observed with the pE parameter, but only in the case of Se.
